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Abstract  
Marine carbonate rocks are composed, in varying abundance, of cement, micrite, abiotic grains 
and fossils, which can provide information about the physical and chemical environments in 
which they formed. Geochemical analyses of these carbonates are not always interpreted 
alongside the wealth of geologic (including petrographic) information available, resulting in 
potentially faulty reconstructions of biogeochemical and environmental conditions. These 
concerns have prompted closer scrutiny of the effect of depositional lithofacies and diagenesis on 
carbonate proxies. Here, we have combined X-ray Absorption Near Edge Structure (XANES) 
spectroscopy and -X-ray Fluorescence (-XRF) imaging to map the speciation and abundance 
of sulfur in carbonate petrographic thin sections in Upper Ordovician carbonates from Anticosti 
Island, Canada and early Silurian carbonates from Gotland, Sweden, across multiple depositional 
facies. Lithofacies and fossil communities between Anticosti Island and Gotland are similar, 
which allows for comparison of changes in the dominant S species and their abundance in 
separate basins, associated with variations in (glacio)eustatic sea level. Sulfide abundance is 
greatest in mudstone, wackestone and packstone facies, where interstitial micrite hosts abundant 
pyrite. Sulfate abundance, as carbonate-associated sulfate (CAS), varies within individual fossil 
fragments, as well as within the same fossil phylum and is particularly high in unaltered 
brachiopods. In contrast, sulfate abundance is generally very low in micrite (near the detection 
limit) and generally arises in situ from sulfide that has been oxidized as opposed to true CAS. In 
different cement fabrics, sulfate abundance is greatest in drusy, pore-filling cements. Organic 
sulfur compounds are also detected and, although low in abundance, are mostly found within 
micrite. The detection and characterization of both inorganic sulfur and organic sulfur 
compounds provides a platform to understand early processes of biomineralization. This 
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approach will broaden our understanding of the source of inorganically bound sulfate in ancient 
carbonates, as well as the effect of depositional setting and diagenesis on CAS incorporation, 
(re)mobilization, and ultimate abundance in sedimentary carbonates. Additionally, this work has 
implications for the CAS isotopic value of individual carbonate components that may affect 
interpretations of stratigraphic variability of numerous CAS sections throughout Earth history. 
 
Keywords: carbonate-associated sulfate; XANES spectroscopy; -XRF imaging; diagenesis; 
depositional environment; sulfur isotopes 
 
1.0 Introduction 
Over geologic timescales, the marine sulfur cycle is closely linked to the redox state of the 
Earth’s surface environments due to the relative burial ratio between the redox-sensitive sulfur 
species (i.e. sulfide and sulfate) (Berner and Raiswell, 1983). As a result, carbonate rocks are 
frequently analysed for the abundance and isotopic composition (34S) of their S-bearing phases, 
primarily pyrite and carbonate-associated sulfate (CAS), to understand long-term trends in sulfur 
cycling (Canfield, 2004; Fike and Grotzinger, 2008). CAS is used as a proxy for the composition 
of ancient seawater sulfate, understood to reflect the ambient incorporation and substitution of a 
sulfate ion for a carbonate ion during carbonate precipitation (Burdett et al., 1989). Given the 
large extent of carbonate precipitation throughout Earth history, many studies have used CAS to 
generate high-resolution datasets to constrain the operation and temporal evolution of the marine 
S-cycle from the Archean to the Cenozoic (Burdett et al., 1989; Crowe et al., 2014; Fike and 
Grotzinger, 2008; Gill et al., 2007; Hurtgen et al., 2009; Jones and Fike, 2013; Kampschulte and 
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Strauss, 2004; Kozik et al., 2019; Osburn et al., 2015; Ries et al., 2009; Thompson and Kah, 
2012; Turchyn et al., 2009). 
Unlike many other geochemical proxies that are a major component of carbonates (such 
as 13Ccarb), CAS is a trace component, where abundances typically range from tens to hundreds 
of ppm in ancient carbonates and hundreds to thousands of ppm in modern carbonates (Staudt 
and Schoonen, 1995). These low abundances in ancient rocks indicate CAS may be more 
susceptible to alteration than other proxies (e.g., 13C), which may contribute to the characteristic 
sample-to-sample isotopic variability (as much as 10‰; e.g. Edwards et al., 2018; Jones and 
Fike, 2013; Riccardi et al., 2006) observed in 34SCAS in many deep-time records (Kampschulte 
and Strauss, 2004; Osburn et al., 2015; Rose et al., 2019). Such high-frequency stratigraphic 
variability cannot be accounted for by changes to the global marine sulfate reservoir, due to the 
multi-million-year residence time of seawater sulfate (Berner, 2001).  
Carbonates can be composed, in varying abundances, of four major components; micrite 
(microcrystalline calcite or ‘lime mud’), cement, fossils and abiotic grains, all of which can be 
differentially affected by diagenesis. Diagenesis of carbonates includes any process occurring 
after the precipitation/sedimentation of carbonate, including lithification. Examples of diagenetic 
fluids that may affect marine carbonates are: (chemically evolved) porewaters, meteoric fluids, 
dolomitizing fluids, and basinal brine fluids. Several studies have assessed the effect of 
diagenesis on CAS of bulk rock samples (Fichtner et al., 2017; Gill et al., 2008; Hurtgen et al., 
2006; Rennie and Turchyn, 2014; Richardson et al., 2019). Others have attempted to reduce the 
effect of secondary CAS signals by selecting for individual carbonate phases (e.g. micrite and 
brachiopods in Kampschulte and Strauss, 2004; Wotte et al., 2012a; fossils in Gill et al., 2011; 
Kampschulte et al., 2001; Present et al., 2015), and/or by reducing sample size to minimize the 
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number of altered components homogenized into the sample (Paris et al., 2014; Present et al., 
2015; Rennie et al., 2018). Additionally, an increasing number of studies are emphasising the 
potential impact that sedimentary facies, and therefore relative local sea level, have on CAS 
abundance, 34SCAS, and 
34
Spyr preserved in the rock record (Fike et al., 2015; Pasquier et al., 
2017; Richardson et al., 2019; Rose et al., 2019; Strauss, 1997). Depositional environments can 
affect the relative abundance of carbonate components, producing lithofacies (outcrop and hand 
sample observations) and microfacies (petrographic observations) that likely have their own 
imprint on the initial composition of CAS. 
Until recently, it was unknown how CAS abundance varied spatially within an individual 
hand sample (Present et al., 2015; Rose et al., in review). Due to the low abundance of CAS in 
the rock record, there have been few techniques that can determine the CAS abundance of 
individual components within a petrographic context. Micro X-Ray Fluorescence (-XRF) 
imaging and X-Ray Absorption Near Edge Structure (XANES) spectroscopy make possible the 
non-destructive detection of low abundance S-species at micrometer-scale spatial resolution 
within a petrographic context. S-species have a wide range of oxidation states that corresponds to 
~14 eV range of absorption edge energies in XANES spectroscopy (Hedman et al., 1986), 
providing an ideal platform for multi-energy -XRF imaging that an distinguish among the 
various S species. Coordination with petrographic observations allows for identification of 
primary and diagenetic components. Initial investigations by Rose et al. (in review) indicate 
sulfate abundance is spatially variable within an individual Ordovician carbonate thin section, 
with CAS abundance ranging from ~10 to 200 ppm. The study identified multiple sulfate 
moieties using XANES spectroscopy, showing that sulfate is present both as organic esters and 
in two inorganic phases, each likely associated with distinct carbonate lattice structures. The 
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present study expands on this earlier work by combining petrographic observations, -XRF 
imaging, and XANES spectroscopy on multiple samples from a range of lithofacies from 
Anticosti Island, Canada and Gotland, Sweden (Fig. 1). The samples from these localities were 
chosen as they span critical periods of Earth history with known biological turnover (End-
Ordovician mass extinction and the mid-Silurian Ireviken Bioevent; IBE), climate change, 
glacioeustatic sea level change and well-documented perturbations to the global carbon cycle. 
These samples are well characterized in terms of broad sedimentology and stratigraphy, 
geochemistry and bulk carbon and sulfur isotopes (Jones and Fike, 2013; Present et al., 2015; 
Rose et al., 2019). This approach assesses the dominant sulfur species and how they vary among 
lithofacies and between primary and diagenetic carbonate phases. We present a subset of -XRF 
images and XANES spectra from Ordovician and Silurian carbonate samples that we have 
generated. 
Here we show a model for the source, incorporation and preservation of S-species in 
primary carbonate (fossils), the source and preservation of sulfur during lithification and early 
diagenesis (formation of cement and micrite), and the fate of the S-species during post-
depositional, late-stage alteration (e.g., replacement of fossils, carbonate mineral neomorphism). 
Such insights at the micron scale will aid our understanding and interpretations of bulk 
chemostratigraphic data, where biogeochemical proxies ultimately may reflect local, facies-
dependent controls superimposed on any basinal or global signatures. 
 
2.0 Materials and Methods 
Anticosti Island, Quebec, Canada (Fig. 1), represents a storm-dominated carbonate platform, 
with 200 km of E-W trending, well-exposed strata that has experienced minimal structural 
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deformation. Strata on the north of Anticosti are Hirnantian, ~ 444 Ma, and  young to the south 
(Desrochers et al., 2010; Long and Copper, 1987). The Ordovician and Silurian carbonate rocks 
on Anticosti Island dip to the south west and have been buried to depths within the oil window 
(Desrochers et al., 2010; Jones et al., 2011; Pinet and Lavoie, 2007). Late-stage diagenesis and 
fluid migration has not appreciably affected the abundance and isotopes of sulfate or sulfide 
(Jones and Fike, 2013). Samples in this study from Anticosti span a range of shallow-water 
carbonate lithofacies corresponding to the latest Hirnantian, associated with the end-Ordovician 
mass extinction, a well-documented global C-isotope excursion, and glaciation that is expressed 
as a shallowing-upward facies transition (Jones et al., 2011; Jones and Fike, 2013). The samples 
presented are sourced from the Lousy Cove and Laframboise members of the Ellis Bay 
Formation, from Laframboise point (section 901) and Salmon River (section 908) (Fig 1b; Jones 
et al., 2011).  
Gotland, Sweden (Fig. 1), represents numerous stacked carbonate platforms that formed 
in the Baltoscandian basin during the Silurian. Strata are the oldest in the northwest of Gotland, 
with progressively younger strata to the south. The carbonate strata on Gotland are minimally 
thermally and tectonically altered (Jeppsson, 1983) and bulk geochemistry shows little broad-
scale resetting of isotope proxies (Rose et al., 2019). Here, Gotland samples are from the early 
Wenlock (~ 428 Ma) and consist of shallow-water carbonates that span the Ireviken Bioevent 
(IBE) and a well-defined global C-isotope excursion coincident with a facies change that 
represents marine regression and a cooling climate (Lehnert et al., 2010; Munnecke et al., 2010, 
2003). The samples were sourced from numerous sections along the northern edge of Gotland 
from the Lower Visby, Upper Visby and Tofa formations (sections G1, G4 and G7; Fig. 1c; Rose 
et al., 2019).  
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Synchrotron analyses were performed around the S K-edge (2472 eV) conducted at the 
GeoSoilEnviroCARS (GSECARS) beamline 13-ID-E at the Advanced Photon Source (APS) at 
Argonne National Laboratory and beamline 14-3 at the Stanford Synchrotron Radiation 
Lightsource (SSRL), SLAC National Accelerator Laboratory. Detailed beamline configurations 
and measurement approaches have been described previously (Rose et al., in review). Both the 
APS 13-ID-E and SSRL 14-3 beamlines utilize grazing incidence, silicon mirror focusing for -
XRF and XANES data collection. At both facilities, the sample environment is a helium-purged 
chamber. The detectors are different at each beamline (Vortex ME-4 silicon drift-diode detector 
array at APS and Vortex silicon drift diode detector 97 at SSRL), which could impact the 
sensitivity in measuring S. The apparent S K-edge differs slightly between APS and SSRL, likely 
due to monochromator calibration. There were differences in data collection because of distinct 
facility characteristics. At APS, the energy was calibrated using a CaSO4 standard that provides a 
maximum intensity white line at ~ 2481.5 eV. For the APS analyses, the pitch of the focusing 
mirrors was slightly decreased, thus, the monochromatized X-ray beam contained a small 
component of 3
rd
 order harmonic (i.e., X-ray photons with energies near 7500 eV). This 
adjustment allowed for the ability to generate spatial distribution maps of elements with 
absorption edges higher than that of the S K-edge at ~2472 eV (e.g. Mn, Fe). At the APS, maps 
representative of the distribution of sulfide and sulfate were generated by collecting data at 
energies corresponding to the highest absorption for each species (2471 eV and 2482 eV 
respectively; Fig. 2). Maps of total sulfur were also generated at 2550 eV, well above the 
absorption edge energy. As part of the data correction, sulfide fluorescence that occurred when 
mapping at the sulfate excitation energy has been removed from all of the sulfate energy maps 
presented here (using the MicroAnalysis Toolkit (Webb et al., 2011) and GSE Mapviewer 
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(Newville, 2013)). All maps are normalized to the edge-step and are scaled to the same total S 
counts, such that the white pixels on each map that represent maximum counts, correspond to the 
same number of counts across each map. XANES spectra were collected at the APS to verify 
sulfur speciation at locations identified during mapping.  
The optics at SSRL BL 14-3 were tuned to reduce higher-order harmonics, so only S-
species were imaged. The energy was calibrated to the S K-edge at 2472.2 eV using a sodium 
thiosulfate powder. Maps were collected at more energies to allow for detection and 
differentiation of less abundant S-species and structural changes to the sulfate ion. Multi-energy 
maps were collected at 2472, 2476.3, 2482.1, 2482.3, 2482.5, 2482.65, 2482.8 and 2483.2 eV in 
order to distinguish subtle differences in the K-edge spectra of sulfate moieties. A greater 
number of XANES spectra were collected on each mapped region at SSRL (Sixpack; Webb, 
2005). A principal component analysis was performed on the XANES dataset from each region. 
Using these analyses, component score plots (where one component is plotted against another 
component) were used to identify the XANES spectra that are the most different from one 
another, but together encompass the entire variation of the XANES dataset for the given region. 
Spatial distribution maps of the energy of maximum intensity in the end-member XANES 
spectra, such as co-occurring sulfide and sulfate or organic sulfur compounds (OSCs), are 
generated by performing a least-squares XANES fitting of the end-member spectra to the 
original multi-energy maps (Mayhew et al., 2011). That is, the normalized fluorescence intensity 
of a given end-member spectra is determined for each of the multi-energies that was mapped. A 
least-squares fitting of the normalized fluorescence intensity is applied to each pixel using the 
data collected at the same pixel in the multi-energy map, generating an abundance map of the 
given end-member spectrum.  
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3.0 Results  
3.1 Fossils and Grains 
Fossils show variation in sulfate abundance between different phyla or classes (Fig. 3), as 
well as within certain phyla (e.g. brachiopods, Fig. 4c and 4d). Abiotic grains also differ in 
sulfate abundance between grains as seen in Figs. 3b and 3c, which correspond to different 
locations within the same thin section. These regions were mapped consecutively during the 
same analytical session so there were no differences in beam characteristics. During the 
Ordovician and Silurian, the major reef builders were tabulate (e.g. Coenites sp., C in Fig. 3a) 
and rugose corals (RU; Fig. 3c), and stromatoporoids. Other important biomineralizers include 
brachiopods (B; Fig. 4d), bryozoans (BRY; Fig. 4a), crinoids (Fig. 5a) and ostracods (Scholle 
and Ulmer-Scholle, 2003). Bivalves and gastropods make up a large proportion of unidentified 
fossil fragments throughout the Phanerozoic, evident in the Ordovician grainstone samples 
studied here (Fig. 3b and 3c).  
Tabulate and rugose corals are present in all studied packstone and grainstone facies from 
Anticosti Island and Gotland. Corals in these samples always consist of both micrite, from 
infilling or micritization, and recrystallized calcite (Figs. 3a and 3c). Coenites sp. (Fig. 3a) is a 
branching tabulate coral that makes up the centre of oncoids in a poorly washed fossiliferous 
grainstone from the Upper Visby Formation on Gotland (platform interior shoal facies). In this 
sample, Coenites sp. is associated with Allonema sp., a calcareous encrusting problematica 
(Jarochowska and Munnecke, 2014) (Fig. 3a, inset), forming an oncoid. Allonema sp. is 
predominantly preserved as micrite, with small recrystallized vesicles of the original Allonema 
structure. The main S-species in the micrite of Allonema sp. is sulfide (Fig. 3d, XANES 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IPT
spectrum 5) as well as the detection of thiol (XANES spectrum 4). The recrystallized vesicles 
within the micrite show localized increases in sulfate content (Fig. 3a and 3d, XANES spectrum 
1). These vesicles lack sulfide but do contain low abundances of thiol/thioether and sulfite 
(2473.2 and 2477.8 eV respectively) (Almkvist et al., 2010). Variation in the intensity of the 
thiol/thioether and sulfite peak occurs within the micrite in the centre of Coenites sp. (Fig. 3a and 
3d, XANES spectra 2 and 3).  
The oncolite grainstone from the La Framboise Member on Anticosti Island (Fig. 1b), 
deposited in the platform interior as coarse reef-debris facies, contains high proportions of 
bioclast fragments and lithoclasts that show strong variations in sulfate abundance across the 
sample (Fig. 3b and 3c). Bioclasts are commonly recrystallized (RC), surrounded by micritic 
envelopes (ME), or fully micritized (MB; Fig. 3b and 3c). Micritic lithoclasts (M), micrite 
envelopes, and micritized bioclasts frequently contain signals from both sulfide and sulfate 
within a given location (Fig. 3d XANES spectra 8 and 11). Additionally, XANES spectroscopy 
detects a subtle shift in the maximum energy of the inorganic sulfate peak from 2482.3 to 2482.6 
eV between different bioclast fragments in the oncolite grainstone (Figs. 3b and 3d, XANES 
spectra 6, 7 and 9). Fig. 3c hosts a large solitary rugose coral (RU) where the fossilized calyx and 
septa are micrite, and the dissepiments are filled with recrystallized calcite. The sulfate 
abundance is greatest in the preserved skeleton, now micrite, whereas sulfate abundance is very 
low in the recrystallized dissepiments. The micrite in the mold of the rugose coral contains 
strong signals for inorganic sulfate, consistent with CAS, with no interference from sulfide. 
Brachiopods contain the highest concentration of sulfate of all fossils studied (Figs. 4c and 4d), 
whereas well-preserved bryozoans also contain high abundances of sulfate (Fig. 4a). 
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3.2 Cement 
Sulfides are generally less abundant in cement when compared to micrite (Fig. 4 vs. Fig. 5). Fig. 
4 depicts a variety of cements from packstone and grainstone facies. The microfacies of the 
Lousy Cove Member of the Hirnantian-aged Ellis Bay Formation on Anticosti Island (Fig. 1b 
and 4a; Jones et al., 2011) indicate formation on the platform interior in an open marine 
environment. Similarly, the Lower Visby, Tofta and Hogklint formations of Gotland during the 
early Wenlock have platform interior (reef) and margin microfacies (Figs. 1c, 4b, c and d). These 
samples (both Anticosti and Gotland) are from the rising limb of the C-isotope excursions at 
each locality, coincident with a lithofacies change reflecting marine regression.  
Sulfate abundance in equant, blocky cement (BL) is usually near the detection limit (Fig. 
4a), although abundance is sometimes observed to increase at crystal boundaries. Syntaxial 
calcite overgrowths (SO), single calcite crystal overgrowths around a pre-existing grain (Fig. 
4b), are commonly formed over echinoderm fragments (here crinoid fragments) of high-Mg 
calcite (Christ et al., 2015; Flügel and Munnecke, 2010). The sulfate abundance in syntaxial 
cement varies relative to the crinoid fragment underneath (Fig. 4b showing both lower 
abundance (right) and similar or greater abundance (left) of sulfate). Drusy cements (DR) are 
characteristically pore-filling cements where the crystal size of the cement increases towards the 
center of the pore (Flügel and Munnecke, 2010; Figs. 4c and 4d). Drusy cements are observed 
here to have higher sulfate concentrations than blocky cements; further, the CAS abundances 
increase toward the center of these cements.  
 
3.3 Micrite 
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Micrite is fine-grained carbonate and is a major interstitial component of mudstone, wackestone, 
and packstone facies. Micrite contains the highest abundance of sulfide compared to the other 
carbonate components. Fig. 5a is a wackestone from the Lousy Cove Member on Anticosti 
Island (Fig 1b). Microfacies observations indicate that the depositional environment was a 
shallow platform-margin reef. The sulfide map (Fig. 5b) shows finely disseminated sulfide 
throughout the micrite, and to a lesser extent within the micritized crinoid fragments. This sulfide 
is observed in all samples analysed that have interstitial and micritized fossil fragments, and is 
mostly pyrite, determined through a correlation with Fe abundance maps and XANES spectra. In 
addition, there are isolated sulfates phases within the micrite (Fig. 5c). Moreover, a majority of 
the sulfides have been partially oxidized, contributing to the sulfate signal (Fig. 5d), which is 
confirmed by XANES spectroscopy, showing both sulfide and sulfate peaks present at one 
location (Fig. 5e). The intensity of co-occuring sulfide and sulfate peaks vary, indicative of 
differing amounts of oxidation across the sample. There are few spectra from this region with a 
sulfate signal without accompanying sulfide, and, where they do occur, they are associated with 
a low sulfate background within crinoid fragments (Fig. 5e, location 5). Micrite is also present in 
grainstone samples, where it is observed in lithoclasts, oncolitic and cortoid grains as micritic 
envelopes, and calcareous algae and cyanobacteria, where again sulfides are abundant. 
 
4.0 Discussion 
4.1 Sulfate in Primary Carbonate 
Primary carbonate components are those that precipitate within seawater, or within 
sediment that is in open connectivity with seawater (e.g. deep-water facies; Claypool, 2004; 
Richardson et al., 2019). Relatively little is known about the biological incorporation of sulfate 
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into carbonate, and whether the mechanism is ambient incorporation, akin to that for inorganic 
carbonate (Busenberg and Plummer, 1985; Staudt et al., 1994), or if there is a biological control 
and/or source during incorporation (Burdett et al., 1989; Cuif et al., 2003; Cusack et al., 2008; 
Yoshimura et al., 2013). The majority of carbonate cementation occurs in the subsurface, usually 
within the first few mm (Flügel and Munnecke, 2010). Although some carbonate may precipitate 
directly on the seafloor, there is no evidence for seafloor encrustations in these samples. The 
origin and formation of micrite can occur via multiple pathways: authigenic precipitation within 
the water column or in the sediment (automicrite), physical or chemical breakdown of skeletal 
fragments or calcareous algae (allomicrite), and diagenetically through recrystallization 
(diagenetic micrite and microspar; Flügel and Munnecke, 2010). As such, fossils are the only 
component derived directly from local ambient seawater in these samples and we, thus, focus our 
discussion of sulfate variability in preserved primary fossil fabrics. The fate of sulfate during 
diagenesis of primary carbonate (e.g. micritization of fossils) is discussed in sections 4.2 and 4.3.  
Few fossils retain their primary carbonate mineralogy and fabric over geologic time. 
Brachiopods, however, are commonly robust to recrystallization owing to the multi-layered low-
Mg calcite shell of articulate brachiopods (Lowenstam, 1961). The abundance of sulfate within 
brachiopod shells is the highest of all components analysed. The sulfate abundance appears 
banded, correlating to the primary brachiopod structure (Figs. 4c and 4d) where calcite crystals 
are oriented obliquely to the shell edge. Such high-resolution mapping of sulfate within 
brachiopods has not been shown before. In the extant brachiopod Terebratulina retusa, sulfate 
abundance is greatest in the primary (outer) layer of the shell coincident with increased Mg 
abundance and, although sulfate is present in the secondary fibrous layer, it is lower in 
abundance and is surrounded by thiols (Cusack et al., 2008). This prior work was unable to 
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determine if sulfate-bearing polysaccharides were the source of the sulfate in the primary layer or 
what contributed to differences in the sulfate abundance between the primary and secondary 
layers. Here, we are unable to differentiate between the primary and secondary layers in the 
petrographic thin sections. However, the -XRF maps do not show gradients across the shell in 
sulfate abundance, implying that these species do not contain obvious differences between the 
primary and secondary layers, that and differences are not resolvable at this scale, or that the 
primary layer in these specimens was not preserved. XANES spectra within the brachiopods 
indicate that inorganic sulfate comprises the vast majority of sulfate. It has been suggested that 
brachiopods may preserve a more faithful record of CAS abundance and 34SCAS due to the 
resistance of the primary brachiopod shell structure to recrystallization (Kampschulte and 
Strauss, 2004; Present et al., 2015). The detailed preservation of brachiopods here, combined 
with the maps showing sulfate variability within the shell fabric and XANES spectra 
characteristic of inorganic sulfate, indicate that brachiopods could be an archive of primary CAS.  
Like brachiopods, well-preserved bryozoans contain a high abundance of sulfate (Fig. 
4a). There are few previous studies of CAS in bryozoans, but extant bryozoans contain > 5000 
ppm sulfate (Staudt and Schoonen, 1995) and micro-drilling of Ordovician-aged bryozoans from 
Anticosti Island indicates that their sulfate content is ~500 ppm, within a similar range of coeval 
brachiopods (Present et al., 2015). The detailed preservation of the bryozoan, and its sulfate 
content, suggests this may also be a potentially primary sulfate signal (Fig. 4a). Fossil bryozoa, 
especially those from the family Stenolaemata (common in Ordovician and Silurian carbonate 
strata; Ernst and Munnecke, 2009) form their exoskeleton from low-Mg calcite. This could mean 
that fossil bryozoan, like brachiopods, are similarly robust to diagenetic recrystallization (Smith 
et al., 2006). However, the observed difference in magnitude in concentration between extant 
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and fossil bryozoans could indicate partial loss of sulfate during diagenesis, perhaps pertaining to 
greater porosity and permeability of bryozoan exoskeletons when compared to brachiopods. This 
difference in sulfate requires further investigation, including isotopic studies, to determine 
whether bryozoans may be a faithful archive of CAS, that can corroborate brachiopod evidence, 
or provide data where brachiopods are absent. Generally, all other fossils in these samples have 
been replaced by micrite and/or cement, where the sulfate abundance may be compromised by 
post-depositional alteration.  
 
4.2 Lithification and Early Marine Diagenesis 
Carbonate cementation is an essential part in lithification and studying the resulting 
cements can be informative about their history of formation and subsequent diagenesis due to the 
variety of morphologies and fabrics formed. Equant blocky fabrics (Fig. 4a) suggest there was 
recrystallization of pre-existing cement in meteoric or burial environments (Flügel and 
Munnecke, 2010). The low sulfate concentration in the cement in Fig. 4a indicates that the 
diagenetic fluid causing recrystallization must also have been low in sulfate, such as meteoric or 
sulfate-poor porewaters, likely precluding a basinal fluid. Fe and Mn abundance maps do not 
show elevated abundance in the cements (Fig. 6), which are anticipated to increase during 
recrystallization in contact with anoxic fluids (Brand and Veizer, 1980). Sedimentary porewaters 
may evolve under closed-system conditions, where sulfate in the porewater is used up by 
microbial sulfate reduction (MSR) more rapidly than it is replenished by diffusion from the 
overlying seawater. Such closed-system conditions occur preferentially in shallow-water 
environments due to increased sedimentation rates and increased labile organic carbon and Fe 
abundance (Aller et al., 2010; Fike et al., 2015; Toth and Lerman, 1977). Together these 
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observations indicate that equant cements formed below the region where porewaters retained 
substantial sulfate or precipitated at a slow enough rate that resulted in inefficient incorporation 
of sulfate into the carbonate lattice (Busenberg and Plummer, 1985; Kile et al., 2000).  
‘Cloudy’ syntaxial cement is indicative of meteoric or early, shallow marine diagenesis 
(Walker et al., 1990) (Fig. 4b). Due to the moderate abundance of sulfate, meteoric diagenesis is 
deemed unlikely, thus the formation of the syntaxial overgrowth is likely early diagenetic. 
Sulfate abundance in the syntaxial cement is usually greater than the blocky cement in Fig. 4a. 
The higher abundance of sulfate in the syntaxial overgrowth could reflect the resupply of 
porewater sulfate for example, by tidal pumping (Aller et al., 2010) and/or faster rates of crystal 
growth . A tidal influence is consistent with thin-section observations of a change to smaller and 
more abundant fossil fragments and an increase in lithoclasts associated with the presence of 
syntaxial overgrowths.  
During the Ordovician and Silurian, drusy pore-filling cements are commonly of early 
marine origin (Figs. 4c and 4d) (Christ et al., 2015) due to the lower Mg/Ca ratio of seawater 
causing more rapid growth along the a and b crystallographic axes, resulting in complex 
polyhedral crystal habits (Folk, 1965). Evolution of the sulfate concentration in porewater is 
likely to occur as a result of progressive MSR, where [SO4
2-
] decreases with increasing depth in 
the sediment (Fig. 7). MSR increases alkalinity, and ultimately encourages carbonate 
precipitation in pore spaces with depth in the sediment (Baumgartner et al., 2006; Berner et al., 
1970). Increased carbonate supersaturation in turn causes an increase in the rate of carbonate 
precipitation (Langdon et al., 2000). Busenberg and Plummer (1985) found that the rate of 
carbonate growth increases the distribution coefficient of sulfate into calcite, i.e. as the rate of 
crystal growth increases, so does the amount of sulfate substituted into the mineral. Thus, in a 
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setting of increased and more rapid calcite precipitation, CAS abundance should increase (in 
accordance with Busenberg and Plummer, 1985). However, CAS abundance should also scale 
with SO4
2-
:CO3
2-
 ratio. As such, for CAS abundance to increase as MSR decreases SO4
2-
 
availability, the rate of precipitation would need to be sufficient to offset the decreasing SO4
2-
:CO3
2- 
ratio.  
The variability in CAS within single crystals of drusy cements can be explained by sector 
zoning. It has been demonstrated that surface topography of calcite can induce SO4
2-
 sectoral and 
intra-sectoral zoning within the mineral structure (Staudt et al., 1994). The effective partition co-
efficient of sulfate into calcite depends on mechanistic properties of incorporation and surface 
structural controls (spiral growth vs. linear attachment) (Staudt et al., 1994). Thus, it is possible 
that cements in these thin sections have recorded and preserved structural properties during 
precipitation that may have affected the effective partition co-efficient within a given crystal, 
resulting in the observed CAS variability in a single cement crystal. Although it is uncommon for 
studies to target only cement components, these findings have implications for bulk 34SCAS 
records that will homogenize variable amounts of different cement morphologies based on the 
lithofacies, ultimately masking and/or muting the primary 34SCAS signal. This is likely to 
contribute to the inherent variability in most ancient 34SCAS records, where the changes occur 
too rapidly with respect to the residence time of seawater sulfate and thus cannot reflect changes 
to the global sulfur cycle. Although such variability may sometimes be interpreted as transient 
perturbations to the local sulfur cycle, our findings suggest this may also be explained by 
changes in the carbonate lithofacies. We anticipate such phase-specific sulfate variability is 
found in all carbonate rocks and the unique micron-scale environmental signatures are lost by 
averaging components. 
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Allomicrite, common in shallow-water carbonates studied here (Fig. 5), has a higher 
proportion of pyrite than automicrite (e.g. micrite clasts in Fig. 4b). This increase may result 
from an influx of organic matter during fossil breakdown, promoting MSR by increasing the 
availability of labile organic carbon (Leavitt et al., 2013; Sim et al., 2011). Any newly produced 
sulfide could form pyrite if the environment is not Fe limited. Sulfate abundance is low (< 100 
ppm) in all micrite analyzed. This observation could be due to the sulfate-limited environment 
resulting from increased MSR and/or a result of the generally high abundance of silicate minerals 
and Fe within micrite (Rose et al., in review), essentially diluting the abundance of sulfate 
contained within the fine-grained fossil fragments. The high abundance of sulfide present in 
micrite is most likely an observation that will apply to micrite precipitated in various locations 
throughout Earth History. We suggest this high abundance of sulfide is due to the increased 
surface area where there may be increased availability of iron and organics (to fuel MSR) due to 
surface sorption.  
 
4.3 Post-depositional Alteration 
 Unfortunately, there are currently no good constraints to determine the exact timing of 
formation of interstitial micrite and cements. As such, we limit discussion of post-depositional 
alteration to fossil micritization and recrystallization, replacement fabrics of cements, and 
oxidation of sulfide. Primary carbonate fabrics are commonly replaced in many bioclast 
fragments via micritization by algae or dissolution and re-precipitation of cement. Multiple 
secondary textures may be found within a single fossil: for example, the fossilized calyx and 
septa of the rugose coral in the Anticosti Island oncolite grainstone are micrite and the 
dissepiments contain recrystallized calcite (Fig. 3c). Sulfate concentrations are highest in the 
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micrite and very low in the recrystallized dissepiments, indicating this latter cement formed from 
meteoric fluid or evolved porewater lacking substantial residual sulfate. Additional peaks in the 
XANES spectra of the rugose coral (and Coenites sp. from Gotland; Figs. 3a, 3c and 3d) indicate 
the presence of thiol/thioether and sulfite. This may suggest that low abundances of primary S-
species were retained during dissolution of the primary carbonate due to the similarity of these 
spectra with prior reports (Perrin et al., 2017; Tamenori et al., 2014). However, it is possible to 
generate intermediate valence S compounds as the result of x-ray irradiance. Specifically, there 
is evidence for beam-induced reduction of sulfate to sulfite within silicate glass (Wilke et al., 
2008). Due to the low intensity of the sulfite peak, photoreduction of sulfate cannot be precluded 
as the source of the sulfite here. Sulfite in carbonates has been detected previously, thus, the 
samples here are not anomalous (Frisia et al., 2005; Perrin et al., 2017). Additionally, the 
intensity of the sulfite peak varies within the given location (Fig. 3d XANES 1-3) and is only 
rarely observed. Together these observations argue that the detection of sulfide is not an artefact 
(Perrin et al., 2017).  
XANES spectroscopy has previously been used to assess the occurrence of organic sulfur 
compounds (OSCs) in ancient carbonates. For example, Rose et al. (in review) document the 
presence of sulfate esters within a series of Upper Ordovician carbonates. Cuif et al. (2003) 
measure sulfate within corals and infer these to be in the form of sulfate esters. Because this 
sulfate dominated in the calcification centres and fibres within the septa of Scleractinian corals 
Montastrea, Favia and Lophelia, Cuif et al. (2003) infer that sulfate esters (chondroitin sulfate) 
are very important in the biomineralization process of these genera. However, XANES spectra in 
each of the Scleractinia lack the characteristic ‘shoulder’ (additional peak) of a sulfate ester 
(Almkvist et al., 2010) and look strikingly similar to XANES spectrum herein determined to be 
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inorganic sulfate. Dauphin et al., (2003) similarly conclude that chondroitin sulfate is present in 
the mollusc shells Pinna and Pinctada despite the XANES spectra lacking the shoulder of an 
ester sulfate. In contrast, XANES investigations of Corallium (Tamenori et al., 2014; Perrin et 
al., 2017), a deep-water coral, show inorganic sulfate and a weak sulfite signal within the calcite 
skeleton. XANES spectra of co-occurring organic tissue in the calcite skeleton of Corallium 
contained multiple organic S species including disulfide, thioether, sulfoxide, sulfone, and 
sulfate, while Mg-calcite sclerites from within the tissue contain thioether and sulfate (Tamenori 
et al., 2014; Perrin et al., 2017). The similarity between XANES spectra in multiple species of 
Corallium and Coenites sp., measured here (Fig. 3d, spectra 1-5), indicate that the 
biomineralization pathway of some extinct tabulate corals may be comparable to that of 
Corallium. Understanding the biomineralization pathway of fossil species is extremely important 
to interpreting geochemical signals from carbonates, especially CAS. Insights from these modern 
and ancient coral species indicate numerous sources of S (beyond seawater sulfate) that may be 
incorporated into carbonate skeletons during growth and/or recrystallization. Other OSCs are 
found within micrite and micritic envelopes seldom associated with specific fossil groups (e.g. 
Figs. 3a, 3c and 3d, XANES spectra 4 and 10) for the samples given here. This spatial 
independence makes it difficult to constrain early biomineralization pathways for all fossil 
groups. Additionally, upon traditional laboratory CAS extraction these compounds could be 
released, potentially contributing sulfate from multiple sources to the resulting bulk CAS signal 
and affecting geochemical proxies typically assumed to be sourced directly from seawater (e.g., 
[CAS] and 34SCAS). 
All bioclast fragments in Fig. 3b (likely molluscs, corals and echinoderms, due to age, 
lack of preserved primary structure, and presence of syntaxial overgrowths) have a sulfate 
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abundance greater than that of the surrounding cement, but the abundance is variable between 
the bioclasts. Two different sulfate phases are observed between the moderate sulfate-containing 
bioclasts and the highest sulfate-containing bioclast (center, Fig. 3b); the energy of maximum 
intensity for the sulfate within the high-sulfate bioclast is at 2482.3 eV, which is downshifted 
from the sulfate contained within the other bioclasts in this region by 0.3 eV. This downshifting 
may correspond to differences in the lattice of the carbonate, i.e. the sulfate ion must change 
shape and lose symmetry in order to fit into the carbonate mineral phase (for primary aragonite 
or high-Mg calcite, Fernández-Díaz et al., 2010) resulting in a lower degeneracy of the sulfate 
orbital and therefore a slightly lower excitation energy relative to that for calcite (Cotton and 
Wilkinson, 1972). Although molluscs in this sample (predominantly gastropods and bivalves) 
may have made their shell structure out of aragonite, no aragonite is preserved. Echinoderms, 
however, generate their exoskeleton exclusively from high-Mg calcite (Flügel and Munnecke, 
2010). Generally, high-Mg calcite will convert to low-Mg calcite over geologic time (due to 
diagenetic fluids removing Mg from the carbonate lattice), but the signal observed here indicates 
high-Mg calcite is preserved, likely in echinoderm fragments. The high sulfate abundance could 
reflect the amount of Mg in the calcite lattice, where increasing wt % Mg results in increased 
ability to incorporate sulfate, due to the smaller size of an Mg atom compared to Ca (Takano, 
1985). The observation of sulfate abundance differences between high-Mg and low-Mg calcite 
bioclasts is an important finding as it indicates that the conversion from high- to low-Mg calcite 
on geologic timescales also results in the loss of primary sulfate. 
 As mentioned, sulfide is the dominant signal in all micrite components (interstitial, 
envelopes, clasts etc.). In all samples, numerous XANES spectra of sulfides within micrite show 
both sulfide and sulfate peaks (e.g. Fig. 3d locations 8 and 11 and Fig. 5e locations 2, 3 and 4), 
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where the intensity of the sulfide and sulfate peaks vary between locations within a given 
sample. This observation is strong evidence for the pervasive impact of oxidation of sulfide on 
the abundance of sulfate in micritic components. Oxidation of sulfide may occur at any stage 
after early diagenetic pyrite formation in the presence of an oxic fluid. These observations are in 
agreement with micro-drilled data from micrites that show low, yet variable, concentrations of 
sulfate with large isotopic variation from Anticosti Island samples (Present et al., 2015). These 
findings indicate that apparent CAS in micrite from ancient shallow-water carbonates may not be 
a faithful archive of original seawater sulfate and, instead, is likely a mixture of early and late 
diagenetic sources of sulfate, potentially including a high proportion of sulfate sourced from the 
oxidation of local pyrite. These results potentially call into question studies that target micrite as 
a more faithful recorder of CAS (e.g. Kampschulte and Strauss 2004; Wotte et al., 2012), but 
corroborate the need for multiple salt rinses to remove secondary sulfate phases prior to bulk 
CAS extraction (Wotte et al., 2012) and also highlight the importance of a petrographic context. 
 
4.4 Correlating micron-scale observations with bulk data 
The spatial variability of sulfide and sulfate abundance within a given sample, and between 
samples of different lithofacies, correlates with the changing proportions of carbonate 
components, shallow-water deposition, and early marine diagenesis. This correlation agrees with 
interpretations of bulk S abundance and isotope data from Anticosti Island and Gotland that are 
interpreted to reflect local, depositional-dependent processes (Jones and Fike, 2013; Rose et al., 
2019). The bulk S-isotope datasets exhibit large samples-to-sample variability (up to 9‰ on 
Anticosti Island and 6 to 7‰ on Gotland; Jones and Fike, 2013 and Rose et al., 2019, 
respectively), characteristic of many bulk deep-time CAS datasets (Edwards et al., 2018; 
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Hurtgen et al., 2002; Kampschulte and Strauss, 2004; Osburn et al., 2015; Richardson et al., 
2019; Ries et al., 2009; Thompson and Kah, 2012; Wotte et al., 2012b; Young et al., 2016). The 
carbonate strata from both localities record a paired δ13Ccarb-δ
13
Corg excursion, and where there is 
a coeval paired δ34SCAS-δ
34
Spyr excursion on Gotland, a δ
34
SCAS excursion is absent on Anticosti 
Island. Commonly, a paired δ13Ccarb-δ
13
Corg and δ
34
SCAS-δ
34
Spyr excursion in the rock record are 
explained by changes to the global sulfur cycle, such as increased pyrite burial. Time-correlative 
carbonates from within the same paleo-basin as Gotland do not show the same δ34SCAS-δ
34
Spyr 
excursion (Richardson et al., 2019), indicating that the Gotland S-isotope data is locally 
controlled. Since the bulk sulfur isotopes from Anticosti Island and Gotland are not dominated 
by a global signal, we anticipate that variations in sulfate abundance in these samples is also not 
controlled by a changing sulfate concentrations at this time. This study helps explain the origin 
of the stratigraphic scatter in bulk 34SCAS data from Anticosti Island and Gotland by 
demonstrating the impact that depositional environment has on the abundance of CAS and pyrite 
at the micron scale within each carbonate component, and between the same carbonate 
components under changing litho- and microfacies.  
The identification of variable sulfate abundance within a single sample can be explained 
by processes during lithification, early marine diagenesis, and post-depositional alteration (Fig. 
7). Initially, primary carbonate (as marine fauna) forms at the sediment water interface. During 
lithification, both blocky and drusy cement will form interstitial and pore-filling cements, and 
pyrite will form in the zone of sulfate reduction, provided a source of iron availability (Fig. 7, 
panel a). These cements will precipitate anywhere below the sediment-water interface, however 
drusy cements tend to have a higher precipitation rate, and, as such may form in the zone of 
sulfate reduction where carbonate precipitation is promoted. The difference in precipitation rate 
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between equant and drusy cements could result in increased incorporation of sulfate in drusy 
cement, or, equant cement could be forming below this region, where sulfate is less abundant or 
essentially absent as the result of progressive MSR. The difference in precipitation location 
between fossils and inorganic carbonate cements results in differences in the sulfate content of 
these components. This result is exemplified in the sulfate excitation map of a brachiopod and 
drusy cement from Gotland, where the brachiopod likely retains a primary seawater sulfate 
signature (Fig. 7, panel b, left hand side).  
During early marine diagenesis (Fig. 7, panel b, right hand side), syntaxial cements may 
form when echinoderm fragments are within shallow depths of the sediment.. Oxidation of pyrite 
may occur at any time after its formation, specifically in the presence of an oxic fluid and can 
occur syndepositionally (e.g., such as during early diagenetic reworking events that introduce 
oxygenated seawater deeper into the sediment; Fig. 7, panel b) as well as during late-stage 
diagenesis after lithification and burial. Any time after lithification, bioclasts and older cements 
may dissolve, generating new pores which may be infilled with drusy or equant cement at any 
time, ultimately forming from a different source fluid (Fig. 7, panel b, right hand side). This 
model has variable and changing abundance and 34S of SO4
2-
 and H2S within the sediment, due 
to the fractionation occurring during MSR and relative depth in the sediment (Fike et al., 2015). 
As MSR progresses in the sediment, 34SSO4 moves towards heavier values as the lighter isotope 
is consumed preferentially during MSR. As such, 34SH2S follows this trend towards heavier 
values (offset by the microbial fractionation) as the source pool continues to become enriched in 
34
S. In shallow-water environments where sedimentation rate is high, and labile organic carbon 
and Fe are available, S-isotopes may evolve under more closed-system conditions (Claypool, 
2004) as described above. The frequency of sediment reworking events in shallow-water 
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environments introduces new sulfate into the sediment, essentially resetting the distillation 
process of isotopes. These processes should be reflected in both 34SCAS and 
34
Spyr at the bulk 
(Richardson et al., 2019) and micron scales. Ultimately this model for different CAS content of 
individual carbonate components within a given sample may contribute to the elevated sample-
to-sample variability in bulk-rock 34SCAS datasets throughout Earth history (e.g., Kampschulte 
and Strauss 2004; Jones and Fike 2013; Osburn et al., 2015), where changes in this variability in 
a stratigraphic section may relate to changes in the relative proportions of the different cements 
or other carbonate components resulting from varying depositional conditions. Future work 
characterizing the S-isotopic composition of each component is imperative to understanding the 
degree to which marine diagenesis is the cause of the inherent variability in all bulk 34SCAS 
datasets.  
As mentioned, we expect that disseminated sulfides are likely to be a major component in 
all forms of micrite present in carbonate sections throughout Earth history. It has been shown 
that laboratory oxidation of granular sulfide (< 300 m) during acid extraction can appreciably 
affect bulk CAS at sulfide abundances greater than 1 weight % (Marenco et al., 2008). In studied 
carbonate sections however, pyrite generally occurs at less than 1 weight % (e.g. Jones and Fike 
2013; Richardson et al., 2019; Rose et al., 2019) and thus it is assumed that pyrite oxidation 
during laboratory extractions does not greatly affect bulk CAS measurements, especially in the 
absence of a correlation between, wt. % pyrite and CAS abundance, as well as CAS abundance 
and δ34SCAS. However, this does not preclude an impact on CAS from sulfides that have already 
undergone (partial) oxidation during post-depositional diagenesis. Such partial oxidation of 
pyrites has been demonstrated to exist in all samples containing micrite here using XANES 
spectroscopy (Fig. 5e). This sulfate (originally sourced form pyrite) may be sorbed onto the 
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micrite surface and may be incorporated as CAS during an extraction, ultimately driving the 
isotopic value of the sample towards lighter values. As such, it is important that CAS extraction 
protocols incorporate multiple brine rinses to remove any sulfate that is not lattice bound (Wotte 
et al., 2012) 
The extremely low abundance of preserved OSCs in corals and in micrite observed here 
are not anticipated to affect bulk CAS measurements. However, the role of OSCs during biotic 
carbonate growth is unknown; as such, CAS in well-preserved fossils could reflect a complex 
mixture of inorganic and organic S sources, resulting in a CAS signal distinct from that of coeval 
seawater. A majority of fossils preserved in ancient carbonates are commonly recrystallized or 
micritized, and sulfate abundance is variable. Thus, we anticipate that, unless the fossils preserve 
original mineralogy and structure, the sulfate signal is unlikely to be completely primary. 
Differences in sulfate abundance between fossil fragments may record the relative difference in 
primary CAS, as it is assumed all fossils of a given group within a petrographic thin section 
should be (approximately) affected equally by diagenesis. Since the primary CAS content of 
extinct fossil groups is largely unknown, it is difficult to infer the source of diagenetic fluids that 
they may have been exposed to. Moving forward, it will be important to gain a greater 
understanding of the source of sulfate in modern biomineralizers from abundance and isotope 
studies of single species. This knowledge will provide a platform to assess sulfate variability 
within a given species (and perhaps genus), and how this may result in variable sulfate 
abundance after diagenesis. Broad-scale meteoric diagenesis can be precluded from both 
localities due to the variability of sulfate in a given sample, heterogeneity that would be lost 
during wholesale meteoric diagenesis. Thus, we anticipate that marine or evolved marine waters 
are the dominant source of diagenetic sulfate in fossils observed in the present study. The 
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addition of isotope data to the regions mapped in this study will provide a more robust 
understanding of primary and secondary signals, and the source of secondary signals. Further, 
component-specific isotope analyses will aid our understanding and interpretation of highly 
variable bulk 34SCAS datasets. 
 
5.0 Conclusions 
High resolution -XRF imaging and XANES spectroscopy at the S K-edge in ancient carbonates 
reveals the presence and variable abundance of multiple S-species (predominantly sulfide and 
sulfate) in a range of lithofacies from shallow water marine carbonates. Investigation of fossils, 
cement, micrite, and abiotic grains across multiple lithofacies indicates that shallow-water 
depositional environments and early marine diagenesis are strong controls on the abundance and 
spatial variability of S-species, agreeing with recent studies on bulk S-isotopes that suggest 
depositional environment (e.g. sediment reworking, iron availability, and sedimentation rate) 
contributes to S-isotope variability. Well-preserved brachiopods and bryozoans have the highest 
sulfate abundance of all fossil groups studied, indicating these components might serve as two 
potential archives for robust CAS measurements.  The identification of multiple OSCs in fossil 
tabulate corals, similar to OSCs inferred to be present in modern, deep-water corals, points 
towards a similar biomineralization pathway in extinct fossil groups. Elucidating such 
biomineralization pathways will aid our understanding of the source(s) of CAS in ancient 
carbonates and future interpretations of other geochemical proxies obtained from extinct fossil 
groups. In this sample set, cements contain inorganic sulfate, where variability in abundance 
reflects changes in pore fluid composition and precipitation rates during early marine diagenesis. 
We anticipate that such variation in sulfate abundance is not limited to the samples here and will 
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occur in most other cements forming at various depths with carbonate sediment. Inorganic 
sulfate in bioclast fragments is observed to have two excitation energies ~0.3 eV apart. This 
shifting of the sulfate excitation energy reflects changes in the carbonate mineralogy (low- vs. 
high-Mg calcite). Sulfides, and sulfate sourced from the oxidation of sulfides, is dominant in 
micritic components and facies. The high abundance of sulfide reflects the availability of Fe and 
labile organic matter (thereby promoting MSR) in fine-grained sediments from shallow-water 
carbonate environments, with the oxidation of sulfide occurring progressively over time in 
contact with oxic diagenetic fluids. Together, these observations suggest that CAS sourced from 
shallow-water micrite components in carbonate rocks is not inherently a reliable recorder of 
ancient seawater sulfate during deposition and highlights the -scale sulfate variability that bulk 
CAS records are masking. Future studies aiming to reconstruct the operation of the sulfur cycle 
during key intervals of Earth history should exercise caution when homogenizing shallow-water 
carbonates that mix variable abundances of different carbonate components that formed 
throughout lithification and early marine diagenesis, particularly shallow-water facies that are 
micrite dominated. We recommend that studies target unaltered fossil fragments that retain 
primary mineralogy and fabric, or deep-water carbonate facies where porewater is more 
connected to the overlying seawater, reducing any signal from isotope distillation during early 
marine diagenesis.  
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Fig. 1 – a.) Paleogeographic reconstruction of Laurentia and Baltica at the Ordovician-Silurian 
boundary (~ 440 Ma) including locations of Anticosti Island and Gotland. Modified from Cocks 
and Torsvik, (2002) b.) geologic map of Anticosti Island with sample locations annotated. A 
generalized stratigraphic section is shown on the left (modified from Jones et al., 2011 and Jones 
and Fike 2013) and c.) geologic map of Gotland with sample locations annotated including a 
generalized stratigraphic section on the left (modified from Rose et al., 2019).  
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Fig. 2 – Standard XANES of common sulfur species in the S K-edge region obtained at BL 13-
IDE. Pyrite standard from Konecke et al. (2017) and chondroitin sulfate (ester) standard from the 
ESRF ID-21 S XANES spectra database (Cuif et al., 2003).  
 
Fig. 3 – Photomicrographs showing a variety of fossils, fossil fragments and grains with 
corresponding sulfate energy map (sulfide subtracted) on the right. A = Allonema, C = Coenites 
sp., M = micrite infilling, ME = micrite envelope, SO = syntaxial overgrowth, MB = micritized 
bioclast, RU = Rugose, RC = recrystallized centre. Map colors correspond to abundance where 
black is minimum and white is maximum abundance (applies to all maps) a.) Coenites sp., with 
Allonema (inset) from a coral grainstone from the Upper Visby Formation, Gotland b.) 
Fossiliferous grainstone from an oncolite platform, Lousy Cove Member, Anticosti Island c.) 
another region of sample in b. where the high sulfate bioclasts are similar to the high sulfate 
bioclast in b, and d.) XANES of locations numbered in a-c with important peak energies 
annotated.  
 
Fig. 4 - Photomicrographs (left) showing a variety of cement fabrics as interstitial cement and 
diagenetic features with corresponding sulfide (centre) and sulfate (right; sulfide removed) 
energy maps for each panel. BL = blocky, DR = drusy, SO = syntaxial overgrowth, B = 
brachiopod and BRY = bryozoan a.) petrographic thin section image of intra-hermal sample, 
Lousy Cove Member, Anticosti Island, b.) bioclastic grainstone from the Lower Tofta 
Formation, Gotland, c.) poorly washed fossiliferous grainstone from the Upper Visby Formation, 
Gotland, d.) brachiopodal grainstone from Gotland. 
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Fig. 5 – a.) Photomicrograph of a crinoidal wackestone Lousy Cove Member, Anticosti Island. 
b.) sulfide energy map (2472.0 eV) of (a); numbers depict representative XANES spectra. c) map 
of sulfate energy (2482.3 eV with sulfide interference removed), d.) tricolor map where red = 
oxidized sulfide, blue = sulfate, and green = sulfide, purple is where both sulfate and oxidized 
sulfide co-occur; e.) XANES of micrite and crinoid fragments labelled in b. XANES 1, 3 and 5 
are the end-member XANES used to perform fitting, generating maps at the exact energies 
corresponding to the maximum intensity. Dashed lines at 2472 and 2482 represent the 
approximate white line of sulfide and sulfate, respectively.  
 
Fig. 6 – Fe (left) and Mn (right) energy maps of intra-hermal sample, Lousy Cove Member, 
Anticosti Island in Fig. 4a.  
 
Fig. 7 – Schematic of lithification and early marine diagenesis. a.) schematic of the water column 
and sediment with redox zones, concentration of sulfide (yellow) and sulfate (red) in the 
sediment, and locations of carbonate and pyrite precipitation (modified from Fike et al., (2015). 
b.) Schematic thin sections depict the evolution of carbonate components at each location shown 
in (a) and an example of sulfate abundance within carbonate components that we anticipate are 
being formed in each time interval. Abbreviations as in previous figures, PYR = pyrite, CR = 
crinoid, BC = bioclast, M = micrite, RU = Rugose, B = brachiopod, DR= drusy cement, BL = 
blocky cement, SO = syntaxial overgrowth, ME = micrite envelope, MB = micritized bioclast. 
Thin section 1 illustrates lithification around primary biogenic calcite and micrite lithoclasts, 
with initial drusy cement forming in the high SO4
2-
 region of the sediment.  An example of the 
anticipated high CAS abundance primary carbonate and cement is shown in a brachiopod and 
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drusy cement from the Hogklint Formation, Gotland. Thin section 2 shows the formation of 
drusy and syntaxial cements and pyrite, as well as recrystallization and micritization of fossils 
during early marine diagenesis. An example of low CAS abundance cement is shown in a 
fossilized rugose coral and micritic bioclasts from the Lousy Cove Member, Anticosti Island.  
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